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and pulmonary artery occlusion pressure, 2 are ineffective. 3 4 Conversely, fluid responsiveness may be best predicted by using a functional approach relying on dynamic indices. 4 Among these indices, the respiratory variation of arterial pulse pressure induced by mechanical ventilation [pulse pressure variation (PPV), an estimate of stroke volume variation] has the largest evidence base. 5 6 The pulse contour analysis-derived stroke volume also exhibits respiratory variations that have been reported to correctly predict fluid responsiveness. 5 7-9 Passive leg raising (PLR) acts as a selfvolume challenge. 10 Its effects on cardiac output or surrogates 11 -17 predict fluid responsiveness with accuracy. 18 More recently, the changes in arterial pulse pressure or in pulse contour-derived cardiac index induced by an end-expiratory occlusion (EEO) were described as another valuable test to diagnose fluid responsiveness. 16 All these diagnostic indices of fluid responsiveness require a more or less invasive technique to estimate stroke volume. Infrared plethysmography waveform analysis provides a non-invasive estimation of the arterial pressure curve. already been demonstrated that PPVni can predict volume responsiveness with an accuracy similar to that of invasive PPV (PPVi) in patients undergoing major hepatic 20 or vascular surgery. 21 However, as far as we know, this technique has not been investigated in the specific population of critically ill patients.
In the present study, the ability of PPVni, PPVi, stroke volume variation (SVV), PLR, and EEO tests to predict fluid responsiveness were compared in a general population of critically ill patients.
Methods

Patients
As approved by the Institutional Review Board of our institution, patients' relatives were informed about the study when the patient was included, and could refuse the patient's participation at that time. If not, patients were informed as soon as their mental status enabled it and could withdraw from the study if they wanted. Forty-seven patients were prospectively included if they presented acute circulatory failure for which the attending physician had decided to administer fluid. This decision was based on inadequate tissue perfusion defined by the presence of at least one of the following signs: 11 16 22 
Continuous non-invasive arterial pressure measurement
With this technique, the arterial pressure in the finger is measured using the volume-clamp method. 23 This method is based on the development of the dynamic pulsatile unloading of the finger arterial walls. 24 The diameter of a digital artery under a cuff wrapped around the finger is kept constant in spite of the changes in arterial pressure during each heartbeat. Changes in diameter are detected by means of an infrared photoplethysmograph inserted into the finger cuff. When an increased arterial diameter is detected, the finger cuff pressure is immediately increased by a rapid pressure servo-controller system to prevent the diameter change. As a result, the finger cuff pressure is proportional to the intra-arterial pressure at the proper unloaded diameter of the finger artery. With the continuous non-invasive arterial pressure (CNAP, CNSystems, Graz, Austria) technology, the non-invasive arterial pressure (APni) is measured by an improved version of the vascular unloading principle using several concentrically interlocking control loops which enhance the accuracy and stability of the APni measurement. 25 The estimation of arterial pressure is calibrated by a measurement performed by sphygmomanometry with a brachial cuff. A typical APni waveform is displayed in Supplementary Figure S1 . 
Study design
At baseline, we measured heart rate, APi, APni, and transpulmonary thermodilution variables including cardiac index and GEDV. Immediately after, we performed the PLR and EEO tests ( Fig. 1 ). The PLR test was performed by transferring the patient from the semi-recumbent position to a position in which the legs were elevated at 458. 27 We calculated the change in pulse contour-derived cardiac index from its baseline value to the maximum value it reached within 1 min after starting PLR. 10 11 Patients were returned to the semirecumbent position at the end of PLR. The EEO test was performed by interrupting ventilation at end-expiration for 15 s. 16 We calculated the change of pulse contour-derived cardiac index from its baseline value to the maximum value it reached during the last 5 s of EEO. 16 Immediately after the EEO and PLR tests, we recorded heart rate, APi, APni, PPVi, PPVni, SVV, and transpulmonary thermodilution variables including cardiac index and GEDV. Immediately afterwards, volume expansion was performed by infusing 500 ml of saline over 30 min. 28 After volume expansion, we again recorded heart rate, APi, APni, PPVi, PPVni, SVV, and transpulmonary thermodilution variables including cardiac index and GEDV. Patients in whom volume expansion increased cardiac index by more than 15% were defined as 'volume responders' and the remaining ones as 'non-volume responders'. 11 16 22 29 This cut-off is justified by the fact that the least significant change of cardiac index measured by transpulmonary thermodilution is 12% when three cold boluses are used when performing the measurement. 30 In each patient, one observation only was made.
Statistical analysis
All the continuous variables except the dose of norepinephrine were normally distributed (Kolmogorov-Smirnov test).
Results are expressed as mean [standard deviation (SD)], median (25 -75% inter-quartile range, IQR), or mean (95% confidence interval, CI), as appropriate. Values of APi and APni were compared by the Bland -Altman analysis. The percentage error was calculated as 2×SD divided by the mean of the reference method. 31 Comparisons of haemodynamic variables between the different study times were assessed using a paired Student t-test. Comparisons of responders vs non-responders were assessed using a two-sample Student t-test or a Mann-Whitney U-test, as appropriate. Correlations were assessed by the Pearson coefficient. Receiver operating characteristic (ROC) curves were constructed to test the ability of the following variables to predict fluid responsiveness: GEDV, PPVni, PPVi, SVV, effects of PLR, and effects of EEO tests on cardiac index. 32 The areas under the ROC curves (AUC) were compared using DeLong and colleagues' 33 test. The optimal cut-off of each variable was estimated by maximizing the Youden index (¼sensitivity+specificity21). For each variable, the median and the standard error of the optimal cut-off were estimated using 1000 bootstrapped samples; the derived 95% CI [cut-off (1.96 SE)] defines the 'grey zone'. 34 Multivariable logistic regressions were performed by entering PPVi, SVV, PLR, and/or EEO tests to determine the best model of combined diagnostic tests for predicting fluid responsiveness. The combination of all four diagnostic tests could not be studied due to the limited number of observations. PPVni was not entered in these models since, in clinical practice, PPVni would not be used in combination with PPVi, SVV, the PLR, and EEO tests, which all require an arterial catheter. A difference between two AUCs was considered statistically significant when the P-value of DeLong and colleagues' test was ,0.05. The statistical analysis was performed with the MedCalc8.1.0.0 (Mariakerke, Belgium) and SAS software (9.1).
Results
Patients
Among the 47 patients of study population, eight (17%) were excluded because the arterial curve could not be obtained by the CNAP device. All these patients exhibited clinical signs of severe skin hypoperfusion. In these patients, the mean APi was 45 (10) (Table 2 ). In non-volume responders, volume expansion did not significantly change cardiac index (Table 2) .
Non-invasive measurement of arterial pressure
Considering all study times (baseline, during PLR, before EEO test, before, and after volume expansion), a total of 195 pairs of measurements of APi and APni were performed. The mean APni and the mean APi were significantly correlated (r¼0.81, P,0.0001). (Fig. 2) . The percentage error was 46%.
Prediction of fluid responsiveness
In volume responders, PPVni, PPVi, and SVV were significantly higher than the respective values of PPVni, PPVi, and SVV in non-responders. In responders, all these values significantly decreased with fluid administration (Table 2) . A PPVni ≥11% was associated with a sensitivity of 82% (95% CI, 57 -96%) and a specificity of 91% (95% CI, 71 -99%) (Table 3, Fig. 3 ). Using the Bayesian approach, the PPVni ≥11% predicted a positive response to fluid administration in 88% of cases in our cohort, whereas a value lower than 11% was associated with a negative predictive value of 87%. The positive likelihood ratio was estimated to 9.1, meaning that a PPVni ≥11% is 9.1 times more frequent in responders than in non-responders. Based on the positive and negative likelihood ratios (9.1 and 0.19, respectively), the diagnostic value of PPVni can be classified as good. The grey zone around the optimal cut-off ranges from 8% to 14%, with 10 patients (26% of the sample) falling in this grey zone.
A PPVi ≥10% predicted a positive response to fluid administration with a sensitivity of 88% (95% CI, 64 -98%) and a specificity of 91% (95% CI, 71-99%), with 21% of patients falling in the grey zone (Table 3 , Fig. 3 ). An SVV ≥14% enabled prediction of a positive response to fluid administration with a sensitivity of 76% (95% CI, 50-93%) and a specificity of 82% (95% CI, 71 -99), with 46% of patients in the grey zone (Table 3 , Fig. 3) .
Two patients were false-negative for both PPVni and PPVi. These patients were also false-negative for SVV. Both patients were ventilated with a tidal volume of 5 ml kg 21 of predicted body weight. The compliance of the respiratory system in these patients was the lowest of the population (19 ml cm H 2 O 21 ). The two false-negative cases using PPVni, PPVi, or SVV were correctly classified by both the PLR and the EEO tests. In volume responders, PLR induced a greater increase in cardiac index than in non-volume responders (Table 2 ). An increase in cardiac index ≥11% during PLR predicted a positive response to fluid administration with a sensitivity of 100% (95% CI, 81 -100%) and a specificity of 91% (95% CI, 71 -99%), with 13% of patients in the grey zone (Table 3 , Fig. 3 ). The two patients of the original population who were false-positive using the PLR test were correctly classified by the EEO test, PPVni, PPVi, and SVV.
In volume responders, the EEO test induced a greater increase in cardiac index than in non-volume responders (Table 2 ). In non-volume responders, cardiac index did not change during EEO. An increase in cardiac index of ≥5% during EEO predicted a positive response to fluid administration with a sensitivity of 100% (95% CI, 81 -100%) and a specificity of 91% (95% CI, 71 -99%), with 15% of patients in the grey zone (Table 3, Fig. 3 ). The two patients of the original population who were false-positive using the EEO test were correctly classified by the PLR test, PPVni, PPVi, and SVV.
The AUCs established for PPVni, PPVi, SVV, the PLR-induced, and the EEO-induced changes in cardiac index were not significantly different (Table 3, Fig. 3 ). The AUC for GEDV was significantly lower than that for PPVni, PPVi, SVV, the PLR, and the EEO tests (Table 3) . Continuous non-invasive arterial pressure measurement
BJA
Considering results of multivariable logistic regressions, the AUCs ranged from 0.89 (95% CI, 0.76 -1.01) to 0.98 (95% CI, 0.95 -1.01) for the models including two tests and from 0.98 (95% CI, 0.95 -1.01) to 0.99 (95% CI, 0.98 -1.01) for the models including three tests. Concerning these tests including several predictors, the only significant difference between AUCs was observed when comparing SVV alone with the models including two or three predictors, except for the model including PPVi and SVV (Table 3) .
Discussion
This study shows that PPV measured by non-invasive infrared plethysmography technology (PPVni) predicts fluid responsiveness with an accuracy comparable with that of PPV recorded at the femoral artery (PPVi). It was also found that the predictive value of the PLR and EEO tests was excellent. PPVi demonstrated lower predictive cut-offs than previously reported in patients ventilated with non-low tidal volumes and non-low compliance of the respiratory system. 6 The first goal of our study was to investigate a noninvasive estimation of PPV. The advantage of the volumeclamp method, which was developed some years ago, is to provide a non-invasive estimation of continuous arterial pressure. 19 The older device (Finapress) using this technique was shown to provide an unreliable estimation of arterial pressure in critically ill patients. 35 The technique we used in this study (CNAP) was recently proposed to enable a more continuous estimation of arterial pressure than the older technologies. 25 This device was investigated by a few studies 20 21 in the operating theatre setting, but has not been tested in the specific population of critically ill patients. In this regard, a first important result of the present study is that APni could not be assessed by the CNAP device in 17% of critically ill patients because of excessive finger hypoperfusion. These patients were severely ill, since their mean arterial pressure remained low in spite of high doses of norepinephrine. It cannot be excluded that the high dose of norepinephrine was responsible for marked finger vasoconstriction, even though other mechanisms (sympathetic stimulation, distal microthrombi) could also contribute to the inability of the CNAP device to provide the APni signal. Solus-Biguenet and colleagues 20 and Biais and colleagues 21 did not report such limitations of the technique in the operating theatre. This suggests that the technique might be more suitable for the perioperative setting than for the intensive care unit context in which both disease and treatment might induce significant finger vasoconstriction. Considering the population of patients for which the APni signal could be obtained, the great advantage of photoplethysmography over a simple brachial pressure cuff is obviously that it provides a beat-to-beat estimation of AP and allows for the calculation of PPVni. In the present study, (14) 57 (14) PPVni ( devices in the setting of the operating theatre. In our study, the percentage error for PPVni as an estimate of PPVi was large (46%), which could at first glance appear to contradict the ability of PPVni to predict fluid responsiveness. In fact, this is clearly explained by the fact that the highest limits of agreement were observed for the lowest value of PPVi, as showed by the Bland -Altman representation. In contrast, the limits of agreement were narrower when the average of PPVi and PPVni was 15% and above. The CNAP device provided an estimation of the mean APi with a 29% error and this confirms results already obtained with an older device using the same technology. 36 Our finding was expected as the estimation of APni by the CNAP device is calibrated by a measurement of arterial pressure by a brachial pressure cuff. Thus, by comparing APi and APni, we in fact compared the pressure cuff vs the invasive measurement of AP. The only moderate ability of sphygmomanometry to measure arterial pressure compared with invasive measurement is already well known. 37 Thus, the clinical utility of the CNAP device is not that it estimates the absolute values of arterial pressure (which can be done by a simple brachial cuff), but that it provides a continuous measurement of PPVni.
The second goal of the present study was to compare the different indices that have been developed to predict fluid responsiveness. Although the volume responders had a lower cardiac preload than the non-responders, as assessed by a lower value of GEDV, the latter index, as a static marker of preload, could not predict volume responsiveness with an acceptable accuracy, thus confirming previous studies. 7 38 It is noteworthy that PPVi exhibited a lower cut-off diagnostic value than previously reported. 6 This was explained by the fact that tidal volume and compliance of the respiratory system were low in some of our patients. 39 When tidal volume is low, the changes in intrathoracic pressure might be low, such that the changes in cardiac preload could be too low to challenge the preload-dependence of stroke volume. This might be particularly true if a low lung compliance prevents transmission of the change in alveolar pressure to the vessels and cardiac chambers. 39 According to this hypothesis, we observed that the two false-negative cases of PPVi were the two volume responders in whom the tidal volume was below 7 ml kg 21 and the compliance of the respiratory system was low as well. The ability of the PLR test to predict fluid responsiveness has now been demonstrated by several studies 11 -17 27 40 and confirmed by a recent meta-analysis. 18 Unlike PPVni, PLR might allow testing for fluid responsiveness even in patients ventilated with low tidal volume and lung compliance. Accordingly, the volume responders who were falsenegative for PPVi were positive in the PLR test. A novelty of the present study was the investigation of the predictive value of the PLR tests with a 'grey zone' approach. 34 The grey zone of the PLR test was relatively narrow, ranging from 9% to 13%. In other words, if the PLR-induced increase in cardiac index was below 9% or above 13%, then the fluid unresponsiveness/responsiveness could be predicted with 95% certainty. The EEO test was introduced more recently. Occluding the respiratory circuit for a few seconds at end-expiration precludes the tidal interruption of venous return that occurs at each mechanical inspiration. The resulting increase in cardiac preload allows for accurate prediction of fluid responsiveness. 16 In the present study, the grey zone observed for the EEO test, which has never been described, was between 4% and 6%, which might be considered as narrow. We confirm that the EEO test and the PLR test perform accurately even when tidal volume and compliance of the respiratory system are low. 39 At the present time, several indices are available at the bedside to predict fluid responsiveness. One of the strengths of this study was that it examines the ability of test combinations to perform better than diagnostic tests alone. We found that the combination of multiple tests did not significantly improve the prediction of fluid responsiveness when compared with the model including only one test, except for the SVV test. However, the limited sample size does not allow for a powerful comparison of the diagnostic performance of the different tests. Further investigations would help test whether PPVni could replace the invasive tests.
In conclusion, this study showed that the volume-clamp method with the CNAP device could not detect arterial pressure in 17% of our population of critically ill patients. When measured, the PPVni predicted fluid responsiveness with an accuracy that differed non-significantly from that of PPVi.
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